It has been shown that 1 and 3 MHz low-intensity ultrasound was able to affect the fragile and leaky angiogenic blood vessels in a tumor. However, the biological effects of 21 kHz low-intensity ultrasound on tumors remain unclear.
Introduction
Angiogenesis is important in sustaining tumor growth. As a tumor grows, the upregulation of angiogenic factors results in the sprouting of new blood vessels from pre-existing vessels to supply the tumor, but these new vessels fail to mature into a normally functioning vasculature (1) . As a consequence, neoangiogenic vessels are fragile, leaky and dysfunctional, and they are targets for various therapeutic modalities (2) . Ultrasound has been used for clinical imaging, as well as for its therapeutic actions in physical therapy. It was previously reported that vascular endothelium was destroyed after treatment with ultrasound combined with microbubble contrast agent (UCA) (3) . Others found microvessel rupture in vivo in response to acoustic treatment of tissues containing UCAs (4). Continuous 1-MHz low-intensity ultrasound was able to affect the fragile and leaky angiogenic blood vessels in a tumor (5) ., and 3-MHz ultrasound was more efficacious than 1 MHz for antivascular cancer therapy, in which direct heating of the tumor due to ultrasound absorption is the main mechanism (6) . However, in low-frequency ultrasound (7) , it is ultrasoundinduced cavitation that may play an important role in the antitumor treatment (8) . Collapse cavitation causes capillary destruction and, thus, may be therapeutically beneficial for tumor (9) . Cavitation, in a broad sense, refers to ultrasonically induced activity occurring in a liquid or liquid-like material that contains bubbles or pockets of gas or vapor. Soft tissue is viscoelastic material, not a pure liquid, and the cavitation thresholds in soft tissue are higher than those in liquid, as endogenous cavitation nuclei are rare in most soft tissues (10) . Microbubbles in ultrasound contrast agent (UCA) provide preexisting nuclei and, thus, cavitation threshold of the soft tissue is decreased and microbubbles increase the possibility for ultrasound-induced cavitation and the potential for bioeffects. In vitro studies have been carried out with regard to the effects of low-frequency ultrasound combined with contrast agent (11) . However, few researchers have studied these effects in vivo. The objective of the present study was to explore the vascular bioeffects in the tumor tissue of nude mice treated with low-frequency ultrasound combined with a UCA.
Effects of low-frequency ultrasound and microbubbles on angiogenesis-associated proteins in subcutaneous tumors of nude mice

Materials and methods
Animal protocol. The study included three parts, each with 25-35 male nude mice aged 4 weeks and weighing 15-20 g purchased from the Animal Center of the Shanghai Institute of Chinese Academy of Science. All mice were treated and housed according to the approved guidelines (Guidelines for the Care and Use of Laboratory Animals). Following anesthesia by intraperitoneal injection of 0.004 g ketamine, the mice were secured to a superclean bench according to the principles of aseptic operation. Each mouse was then subcutaneously inoculated with 2x10 6 cells from the DU145 cell line into the flank after local sterilization. The mice continued to be raised at specified pathogen free (SPF) qualification after operation, and were observed at 2-day intervals. Two weeks later, experiments were initiated when the tumors had reached a size of 5-8 mm. Finally, each study included 20 tumor-bearing mice. In the first study, all subcutaneous tumors were examined by contrast-enhanced ultrasonography (CEUS) at the initiation (0 week) and completion (2 weeks) of the experiments. In the second study, following completion of the experiment, the tumors were excised and examined by immunohistochemistry and confocal laser microscopy to assess the response to low frequency US. In the third study, cell apoptosis of tumor of nude mice was examined by terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) and tumor cells and micro-vessel were explored by transmission electron microscopy (TEM).
Experimental groupings for tumor therapy and experimental protocol. In each study, 20 tumor-bearing nude mice were randomly divided into four groups, with five mice in each group. The groups were: the A group, negative control (sham treatment); the B group, UCA only; the C group, low-frequency ultrasound (US); and the D group, US+UCA. A microbubble UCA (SonoVue, Bracco SpA, Milan, Italy) was used. The mice were anesthetized by intraperitoneal injection using 0.3 ml 1% pentobarbital sodium. After successful anesthesia, the tumor xenografts were subsequently sonicated using a transducer ( Fig. 1 ) manufactured in the Shanghai Institute of Ultrasound in Medicine at Shanghai Jiaotong University placed on the skin with contact gel (Aquasonic 100; Parker Laboratories Inc., Fairfield, NJ, USA). The diameter of the therapeutic ultrasound transducer was ~13 mm, which could cover the entire tumor (Fig. 2) . Low-frequency ultrasound parameters were set at 21 kHz, 26 mW/cm 2 , duty cycle 40% (on 2 sec, off 3 sec) and duration 3 min once every other day for two weeks. The intrinsic frequency of the probe is 21 kHz. In the pilot study, with the power adjustment to 26 mW/cm 2 , no significant heat effect was found on the skin of nude mice, so the cavitation effect on the tumor by low-frequency ultrasound was explored. As in vivo transit time of contrast agents in subcutaneous tumor in CEUS is ~3 min, we set the treatment procedure for 3 min. On the sixteenth day in the US and the US+UCA group, necrosis appeared at the edge of the tumor (arrow) in the control group (Fig. 3) , thus, we set the experiment duration to 2 weeks (14 days), to ensure the same experimental conditions with maximum exclusion from other interference factors. The UCA was administered via the tail veins of nude mice by bolus injection. It was composed of a phospholipid shell containing sulfur hexafluoride microbubbles. The dose of contrast agent administered was 0.2 ml per mouse for each treatment. The concentration of contrast agent is 1.8x10 9 microbubbles/ml.
Contrast-enhanced ultrasonography. CEUS is a useful tool for assessing tumor neovascularity and also for monitoring anti-angiogenic therapies (12) . In the first study, at the initiation (0 week) and completion (2 weeks) of the experiment, the subcutaneous prostate cancer of nude mice was examined by CEUS. CEUS images of the tumors were obtained using Mylab90 instrument (Baisden Medical Co., Italy) by an experienced examiner. The frequency of the probe used was 15 MHz. The UCA used was SonoVue, a sulfur hexafluoride UCA (Bracco). The agent (25 mg) was shaken for a~1 min with 5 ml of 0.9% saline solution, and 0.2 ml of this suspension was injected as a bolus manually through a 1-ml syringe placed in the tail vein. Following the bolus injection, the real-time enhancement pattern of contrast agent inside the tumor was observed for 3-5 min and the imaging video was recorded.
Images were recorded digitally on an optical disc and analyzed offline. The video was replayed and the area of the whole tumors was chosen as the manually outlined region of interest (ROI) (13) . The time-intensity curve (TIC) was drawn automatically with quantitative imaging analysis software (Qontraxt) to obtain the following parameters under intralesion contrast perfusion: time to peak intensity (TTP), peak intensity (PI) and the area under the curve (AUC). Data were processed in the same conditions with the same ultrasound system. The enhancement patterns and TIC results were analyzed by one physician. Qontraxt is an easy-to-use software that reads a time sequence of perfusion images stored in digital format, and allows the objective evaluation of quantitative perfusion parameters. It performs a full map parametric analysis of any portion of an organ during a selected set of frames. For this, the software makes a combination of all the selected frames into a unique set of parametric images. The loop of images is automatically processed after the tissue region and the perfusion period are defined. The resulting parametric maps allow a visual assessment of perfusion properties over the entire selected ROI at once.
Immunohistochemistry. In the second study, the samples of tumors were fixed with formaldehyde, dehydrated with a graded alcohol series and embedded in paraffin. The sections were incubated with primary antibodies against cyclooxygenase-2 (COX-2) and vascular endothelial growth factor (VEGF; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) at a 1:100 dilution, and subsequently incubated with appropriate biotinylated secondary antibody as previously detailed (14) . Colorimetric detection was performed using a DAB detection kit (Wuhan Boster Biological Technology Co., Ltd., Wuhan, China). Images were acquired using an Olympus BX51 microscope. The percentage of cells expressing the marker was classified qualitatively, based on the intensity of the immunohistochemical staining and the percent of cells that were stained as follows (15): score 0, low intensity staining in 0-24% of cells; score 1, low to moderate intensity staining in 25-49% of cells; score 2, moderate to strong staining in 50-74% of cells; and score 3, strong intensity staining in 75-100% of cells.
Confocal laser microscopy. Microassessment of vascular endothelium can be achieved in selected reasonable sized areas from tissue sections using laser confocal microscopy. Fluorescence expression and distribution pattern were observed using an Olympus FluoView FV500 confocal laser microscope. The digital image subtraction method was devised to eliminate auto fluorescence. Slices were coded so that analyses could be performed without knowing which treatment each individual animal had received. For each sample, RFP expression and therapy efficiency were evaluated in six randomly chosen fields per section. After thorough washing in normal Tyrode's solution, samples were directly embedded in optimal cutting temperature compound and quickly frozen in liquid nitrogen for VEGF and COX-2 determination using confocal microscopy. Frozen 4 µm-thick sections were spread over glass slides, allowed to dry for 1 h and stored desiccated at -80˚C until use. Tumor preparations were loaded with either 12.5 µM fluo-3 acid or 10 µM sodium green acid for 15 min at room temperature. After several washes in Tyrode's buffer, sections were mounted with a coverslip in 50% glycerol in phosphate-buffered saline (PBS). Excitation and emission wavelengths were 488 nm (10%) and >530 nm, respectively.
TUNEL staining assay.
Apoptosis is an organized process of cell death, which occurs naturally. The induction of apoptosis is of interest in research, as it can be used to evaluate the efficiency of tumor treatment (16) . Ultrasound exposure can result in cellular and tissue damage and cell apoptosis (17, 18) . The third study was performed to examine the potential apoptosis of sonication to tumor-bearing nude mice. Apoptotic cells were detected in deparaffinized tissue sections using a Fluorescein-based In Situ Cell Death Detection Kit (Roche Applied Science, Indianapolis, IN, USA) according to the manufacturer's protocols. Sections were imaged by confocal microscopy for the presence of fluorescein-positive nuclei. The populations were quantified as a percentage of the total cells present in the samples.
Transmission electron microscopy. Also in the third study, each tumor sample ~1 mm 3 for transmission electron microscopy (TEM) was fixed in 2% glutaraldehyde and PBS for 2 h at 4˚C followed by PBS buffer and washed twice for 10 min. After treatment with 1% osmium tetroxide in PBS specimens were fixed in 4˚C for 2 h and dehydrated with 30%, followed by 50%, followed by 70% ethanol three times each for 10 min. The samples were then embedded in propylene oxide for 2 h and stained with lead citrate E. Finally, after sectioning, specimens were examined using TEM (Philips CM-120; Philips, Eindhoven, The Netherlands). Statistical analysis. Statistical analysis was performed using SPSS version 11.0 (SPSS Inc., Chicago, IL, USA). The Student's t-test was used to make a statistical comparison between groups. All testing was carried out using Prism 3.0 (GraphPad, San Diego, CA, USA). Error bars were displayed as standard error above the mean. Statistical significance was determined using P=0.05.
Results
Contrast-enhanced ultrasonography. In the first study, only in the US+UCA group, PI and AUC decreased. The PI of the US+UCA group at the initiation and completion of the experiments was 40.2±2.311 dB and 22.8±3.527 dB with t=4.127, P=0.0033. The AUC of the US+UCA group at the initiation and completion of the experiments was 5.78±0.4831 1/sec and 3.38±0.3262 1/sec with t=4.117, P=0.0034. There were no significant changes of PI and AUC in the control, UCA and US groups. There were no significant changes of TTP in the 4 groups (Figs. 4-8 ; Tables I-III) . Insonation of the tumors by US+UCA may be effective in reducing the blood supply of tumors.
Immunohistochemistry. Scores were classified as 0 to 3, based on the intensity of staining and the percentage of positive cells. The results indicated that the intensity score for the UCA group was the same as that for the control group. This indicated that the UCA alone had no effect on protein expression in the tumor vascular endothelium. In the US group the staining intensity decreased, but there was no significant difference as compared with the control and UCA groups (P>0.05). However, in the US+UCA group, the staining intensity of COX-2 and VEGF was lower than in the other 3 groups (P<0.05) (Fig. 9) . Therefore, the combination of US and UCA could lead to significant downregulation of the intensity of staining of COX-2 and VEGF protein. (Fig. 10) .
TUNEL staining. In the third study, the average apoptotic rates of tumor cells in the control, UCA, US and US+UCA groups were: 4.6±1, 6.2±1.72, 11±1.9 and 47.4±8.3%, respectively. There was a significant difference between the US+UCA and the control, UCA, US groups with t=5.108, P=0.0009; t=4.849, P=0.0013 and t=4.267, P=0.0027, respectively (Fig. 11) .
Transmission electron microscopy. TEM revealed apparent apoptotic bodies and vascular lumen occlusion in the US+UCA group. Most tumor cells were found normal in the other 3 groups. Intact vascular lumen and normal erythrocytes in the tumor vessels were also found in the control, UCA and US groups (Fig. 12) .
Discussion
A critical event in tumor growth and progression is the upregulation of angiogenesis. Thus, targeting angiogenesis has become an attractive treatment modality in cancer medicine.
In the present study, we carried out a novel antitumor study in which subcutaneous tumors implanted in nude mice were exposed to 21 kHz ultrasound, with a pressure amplitude of 26 mW/cm 2 , for 3 min in the presence of the microbubble contrast agent SonoVue. After 2 weeks of treatment, we used CEUS, immunohistochemistry, confocal laser microscopy, TUNEL and TEM, respectively to assess the outcome of the treatment.
Clinical trials have shown that CEUS can be used to assess the anticancer efficacy of antiangiogenic treatments (12) . The PI calculated from the TIC is considered to represent flux per unit volume of a scanning lesion. Thus, analyzing the PI using CEUS in tumor parenchyma may aid in the evaluation of the efficacy of anti-angiogenesis treatment of tumors (19) . TIC on the CEUS can be used to quantitatively assess tumor microcirculation and reduce the subjectivity of ultrasonography examinations. PI and AUC on the TIC on CEUS can provide non-invasive parameters for evaluation of tumor vascularity Figure 11 . Apoptotic rate in the 4 groups. There were significant differences between the US+UCA and the control, UCA and US groups (*vs. control; t=5.108, P=0.0009; ▲ vs. UCA, t=4.849, P=0.0013; ★ vs. US, t=4.267, P=0.0027). Figure 12 . TUNEL staining revealed green staining in the US+UCA group after 2 weeks of treatment. TEM results; tumor cells of the 4 groups by TEM at 2 weeks. Normal tumor cells in the control, UCA and US groups. Increased apoptosis in US+UCA. Microvessels in the control (arrow head), UCA (arrow) and US (arrow) groups had an intact vascular lumen and normal erythrocytes in the vessels; lumen occlusion (arrows) was observed in the US+UCA group.
as PI and AUC were positively correlated with microvessel density (MVD) (20) . In the present study, a decreased PI and AUC in the contrast curve were observed following treatment with low-frequency ultrasound combined with contrast agent. According to a study by Wilhelm et al (21) , the antiangiogenic agent can inhibit angiogenesis and reduce MVD. Lavisse et al (22) also reported that the PI was decreased using an anti-angiogenesis treatment. Tumors can induce the growth of new blood vessels to obtain oxygen and nutrition for their growth, and as a consequence the total blood flow in the tumor increases, which is known as angiogenesis. Following treatment, if the tumor has a poor parenchymal vascular network due to decreased angiogenic activity, atrophy of arterioles in the parenchyma can occur, and decreased blood perfusion per unit volume may decrease the onset of tumor enhancement. This may be the reason why PI and AUC were reduced on CEUS after US+UCA treatment of subcutaneous tumors of nude mice.
In the second study, in order to evaluate the results of the treatment, we used immunohistochemistry and confocal laser microscopy to detect angiogenesis-associated gene proteins, such as VEGF and COX-2 of tumor tissue. VEGF is a primary stimulant for tumor angiogenesis, making it a critical target for cancer therapy. COX-2 is associated with carcinogenesis due to stimulation of cell proliferation, inhibition of apoptosis and enhancement of angiogenesis (23) . Inhibition of VEGF and COX-2 can be seen as an attractive therapeutic target in the treatment of cancer. Confocal microscopy constitutes a powerful state-of-the-art technique in the investigation of vessel structure and function in normal and pathological conditions, in relation to tumor treatment. In contrast to conventional wide-field fluorescent and light microscopy, images captured using confocal laser scanning microscopes showed much improved clarity with successful elimination of out-of-focus background noise via the pinhole (24) . Confocal fluorescent microscopic studies of tumor tissue have been made possible by the intrinsic green autofluorescent properties of tissue. The results of the present study showed that, following intravenous injection of ultrasound contrast agent, there was a clearly decreased VEGF and COX-2 gene expression in the irradiated tumors of nude mice.
In the third study, tumor cells in the US+UCA group had substantially higher apoptosis, compared with the control, UCA and US groups. Low-frequency ultrasound exposure combined with contrast agent induced substantial apoptosis for tumor cells in the tumor-bearing mice. The use of UCA in addition to low-frequency ultrasound is of significance in antitumor therapeutic applications. In previous research, exposure of cells to ultrasonic cavitation was shown to induce apoptosis in addition to the conventionally reported instantaneous cell lysis and necrotic disintegration (25) . Other studies (26, 27) also reported that the induction of apoptosis by ultrasound exposure has been directly linked to inertial cavitation by its dependence on the presence of a UCA, which provides cavitation nuclei, and by the influence of different dissolved gases. Using TEM in the present study, lumen occlusion were observed in irradiated vessels in the US+UCA group. However, there were no obvious vascular changes in control, UCA and US groups. UCAs, which are artificially augmented population cavitation nuclei, play an important role in the treatment of murine tumors during anti-vasculature therapy. Insonified by low-frequency ultrasound pressure, bubbles become unstable, collapse and fragment in tissue, and this phenomenon is referred to as the bioeffects of acoustic cavitation. Acoustic cavitation involves the concentration of acoustical energy and its conversion into local mechanical perturbation, which can also damage nearby biological cells and structures such as vascular endothelium and vessel lumens. In our study, observed lumen occlusion of vessel leading to the decreased blood supply may be the major reason why PI and AUC were decreased on CEUS and COX-2 and VEGF expression declined in immunohistochemistry and confocal laser microscopy.
Sonicated by ultrasound, bubble expansion significantly distended the vessel to ~2.7 times its original diameter (28) . The bubble then collapsed at 1.05 µs leading to almost axially symmetric vessel invagination. The diameter of the vessel at maximum invagination is ~0.4 times its original diameter. Invagination which generates higher strains on the vessel wall than distention, was commonly observed when bubbles collapsed near the vessel wall, which pulled the vessel inward toward the lumen (28) . Sonicated by low frequency ultrasound, the non-linear effect of microbubble cavitation is rather strong, and even low intensity US could cause strong biological effects to cells (29) . We hypothesize that cumulative effects of vessel invagination produced by substantial microbubble fragmentation irradiated by 21 kHz US, had a tendency to vascular stenosis, and long-term effects will eventually lead to vascular occlusion. In the future, high-speed photomicrography system may be used to study the relationship between the microbubble sonicated by 21kHz ultrasound and the blood vessel in vivo.
In the UCA alone group in our study, COX-2 and VEGF expression was the same as that in the control group when assayed using immunohistochemistry and laser confocal microscopy. The reason for this may be that after the UCA microbubbles were injected through the tail vein, they went through the whole body and were excreted through the respiratory tract. The diameter of bubbles was about 2.5 µm, which was smaller than the red blood cells, but larger than the vascular endothelial gap. Thus, the bubbles seldom penetrated into the tissue spaces. Therefore, in the UCA alone group these bubbles had little effect on vascular endothelium and tumor tissue. The protein expression detected by immunohistochemistry and laser confocal microscopy was similar to the control group.
There were some limitations to our study. First, although US in combination with UCA had an effect on the vessel that was related to protein expression in the tumor tissue, US alone had a few effects on the tumor tissue. Thus, the exact mechanism of vascular damage has not been fully elucidated in our study and requires further research. Second, potential adverse effects on blood vessels in normal tissues were not investigated in the US+UCA group and thus require further exploration in the future.
In general, low-frequency ultrasound in combination with contrast agent was found to be effective in decreasing the PI and AUC of contrast ultrasound imaging and in reducing the expression of VEGF or COX-2 in the vascular endothelium and cytoplasm. More apoptosis was also found in the US+UCA group. Changes to blood vessels may be induced by insonation of 21 kHz ultrasound when they contain exogenous intraluminal UCA. However, the exact mechanisms of low-frequency ultrasound and contrast agent on tumor angiogenesis remain to be identified. The interaction of microbubbles with tissue remains a subject of extensive theoretical and experimental study, and is particularly geared towards the optimization of local tumor therapy.
